Industrial wastewaters containing oil and grease are often treated by dissolved air flotation (DAF). This treatment gives a sludge with a high fat content. While currently often disposed, this fat can also be recovered as a valuable product. This laboratory and pilot-scale research investigates a novel treatment for fat recovery from chemical-free DAF sludge. At pilot scale 94% of the fat present in DAF sludge was recovered as a fat fraction containing 1.9%w/w water and 0.01%w/w insoluble impurities using the i-FAT system which uses a special prepared threephase decanter centrifuge to separate heated sludge from a chemical-free DAF unit into three fractions. Application of this i-Fat system on a scale of 2500 m 3 /d wastewater, gives a reduction of 21% on total yearly costs and therefore a return on investment of 1.7 -2.0 years.
INTRODUCTION
Industrial wastewaters containing fat are often treated by dissolved air flotation (DAF) to remove fat and solids before secondary (biological) treatment is applied. Typical wastewaters containing high concentrations of oil and grease (O&G) include slaughterhouse wastewaters of poultry and cattle (Jensen et al. 2014 , Del Nery et al. 2001 . In general, a reduction of 45-70% total suspended solids (TSS) and 50-80% O&G can be achieved by chemical-free DAF treatment. While fat is the predominant dry matter constituent of the sludge (Kiepper at al. 2008) , this valuable resource is currently often not recovered. However, if recovered, this fat may be applied for energy production on-site, for biofuel production or be further processed as medium and long chain fatty acids serving as building blocks for the chemical industry.
Fat recovery can be obtained by heating the dissolved air flotation sludge, followed by separation into a liquid fat, a water and a solids fraction. The objective of this study is to develop a novel treatment for fat recovery of dissolved air flotation sludge. Gravitational settling and centrifugation are investigated as separation techniques and the fat recovery is tested both at laboratory and at pilot scale.
METHODOLOGY

Labaratory experiments
Chemical-free DAF sludge was taken from a full-scale DAF installation treating poultry slaughterhouse wastewater (Laboratory experiment I) and treating cattle byproducts processing wastewater (Laboratory experiment II). The sludge was heated, filtrated, centrifuged and the recovered fat stored in heated tanks. Sludge samples were heated to 90°C. During Experiment I these samples were either left to settle (gravitational settling) or centrifuged (Jouan CR4-12, 5 minutes 4000 G) in order to separate the fat, solids and water fractions. During Experiment 2 the samples were first filtered by press filtration (20, 120, 180 and 250 μm) and centrifuged afterwards.
Total solids of the sludge and separated fractions was determined according to Standard Methods 2540-B. The fat content of the samples was determined according to NEN-ISO 8262-1:2005.
Pilot-scale experiments
Three configurations for sludge separation were investigated on pilot scale. In the first configuration (Pilot experiment I), heated chemical-free DAF sludge (87°C) was fed to a decanter centrifuge after which the liquid fraction was left to separate by gravitational settling in an insulated 1.5 m 3 separation tank (see Figure 1 -I). As a second experiment (Pilot experiment II), heated chemical-free DAF sludge (87°C) was fed to a decanter centrifuge after which the fluids phase was sent to a vertical bowl high speed centrifuge referred to as high speed separator (HSS) (see Figure 1 -II). At last (Pilot experiment III), heated chemical-free DAF sludge (87°C) was directly processed into three fractions by a special prepared three phase decanter centrifuge (see Figure 1 -III) . Total solids of the sludge and separated fractions was determined according to Standard Methods 2540-B. The fat content of the samples was determined according to NEN-ISO 8262-1:2005 . Pilot experiments I-III were carried out with wastewater from a poultry slaughterhouse (Location A). Pilot experiment III was replicated with wastewater from a rendering facility processing waste from several poultry slaughterhouses (Location B). Full-scale study A full-scale fat recovery process was investigated at a bacon processing factory producing 600 m 3 /d wastewater containing 500 mg/L O&G on average. This wastewater was treated by DAF, producing maximal 30 m 3 /d sludge. Economic potential of fat recovery from DAF sludge was assessed by investigation of the economics of this full-scale fat recovery system. Also, the results of pilot-scale tests were translated to the full-scale business case of applying the system at pilot test location A.
RESULTS AND DISCUSSION
Lab-scale experiments
The DAF sludge of Laboratory experiment I consisted of 7% fat, 3% solids and 90% water (w/w). Similarly, the sludge of Laboratory experiment II contained 9% fat, 4% solids and 87% water (w/w). A filtration test during Laboratory experiment II showed that more than 55% of the solids were larger than 250 μm (see Figure 2 ). Based on this size distribution it was expected that the solids could be separated by gravity. During Laboratory experiment I the heated sludge was first left to settle into three layers; a layer containing both fat and solids, a water layer and a solids layer. No layer of solely fat was obtained. To achieve better separation, the sludge was also centrifuged after heating. This resulted in a four layer separation; a fat layer, a layer of fat and solids, a water layer and a solids layer. The fat recovery from the sludge was 26% (see Figure 3 ). These results show that, contrary to expectations, the solids cannot be separated by solely gravitation, as there is a strong binding between the fat and solids. Therefore, press filtration and centrifugation were applied in Laboratory experiment II. This increased the fat recovery to 71%. The separation of fat and solids was thus found to be an important step in the fat recovery process. 
Pilot-scale experiment I -Decanter centrifuge + gravitational settling
Laboratory experiment I showed that gravitational settling only cannot separate DAF sludge into three fractions i.e. water, solids and fat. It was investigated on pilot scale whether gravitation settling could separate fat from DAF sludge when most of the solids had already been separated by a decanter centrifuge. In Pilot experiment I, the decanter centrifuge separated the incoming sludge stream containing 3.5%w/w solids into a solids fraction of 19%w/w dry solids, and a liquid fraction with a reduced solids content (0.9%w/w) (see Table 1 ). The separation tank was filled with the liquid fraction from the decanter centrifuge. Once filled, the tank was left for 18h in order to allow the formation of a fat enriched top layer. Analysis of the top and bottom layer of the separation tank confirmed the expectation that the top layer contained more fat than the bottom layer (see Table 2 ). However, the top layer still consisted predominantly of water (67.8%w/w) and could therefore not be considered an acceptable final product. The solids content in the top layer was only 20% smaller than the solids content of the stream entering the separation tank. This confirms the results Laboratory experiment I showing that gravitational settling cannot sufficiently separate fat and solids. After batch-wise separation for 18 h, operation of the decanter centrifuge was resumed thereby refreshing the separation tank with centrate from the decanter centrifuge. In this way, the separation tank was operated in a continuous way with an HRT of 5h. During continuous operation a decrease in dry matter and fat content of the top layer was observed i.e. there was no steady-state (see Figure 4) . Deterioration of separation efficiency indicates that an HRT of 5 hours was not sufficient for achieving a similar separation efficiency as was observed during 18 hours of batch. 
Pilot-scale experiment II -Decanter centrifuge + High speed separator
The second process configuration investigated was applying a decanter centrifuge for solids removal followed by separation of the fluids phase by a high speed separator. The decanter centrifuge reduced the solids content from 3.0%w/w in the heated sludge (decanter influent) to 1.1%w/w in the fluids fraction coming out of the decanter centrifuge (see Figure 5 ). Subsequent separation of the fluids fraction by the HSS resulted in the production of fat containing 0.4%w/w water and 0.02%w/w solids. On average 68% of the fat entering the process was recovered as fat fraction from the HSS (see Figure 8) . Theoretically, the cake from the HSS could be recycled to the decanter centrifuge, which produces a dryer cake containing less fat than the cake produced by the HSS. In this way, less fat is lost through the cake, thereby theoretically increasing the fat recovery to 81%. 
Pilot-scale experiment III -Three-phase decanter centrifuge
In order to reduce operating expenditures (OPEX) and capital expenditures (CAPEX), the process configuration consisting of a three-phase decanter centrifuge as sole separation apparatus was investigated. At location A, the three-phase decanter centrifuge produced a fat fraction containing 3.0%w/w water and 0.8%w/w solids (see Figure 6 ). In this way, 88% of the incoming fat was recovered in the fat fraction (see Figure 8 ). This process configuration was also tested at location B. At location B, the produced fat fraction contained 2.0%w/w water and 0.01%w/w solids at a fat recovery of 94% (see Figure 7 and Figure 8 ). It was observed that the sludge at location B contained 3 times more fat and 50% less solids than the sludge at Location A. The differences in sludge composition can be directed to the different origins of the wastewaters. The wastewater at location A, a poultry slaughterhouse, contained organic matter from live poultry that was processed just hours before the wastewater entered the pilot system. The wastewater at location B, a poultry slaughterhouse waste processing plant, did not only contain higher concentrations of organic matter but also from poultry waste that already had been decaying for one or more days. It cannot be said whether the higher fat recovery at location B was due to higher fat content of the sludge or due to a different physical structure of the sludge. The results from the Pilot experiments confirm the findings from the laboratory experiments that an extra centrifugal force is needed in addition to gravitational force in order to separate the desired fat from solids and water. The process configuration of three-phase decanter gives a higher fat recovery than the process configuration of decanter centrifuge followed by HSS. On the other hand, the latter configuration produces fat of a higher quality. If the produced fat is directly used on site as fuel, the quality of fat generated by the three phase decanter centrifuge will suffice and so this set-up is favored over the more expensive process of decanter centrifuge -HSS. If the objective is to produce fat of better quality, the process of decanter centrifuge and HSS is required.
Economic feasibility of fat recovery
A full-scale fat recovery system at a bacon factory confirms the potential of the fat recovery treatment. The installation, with the treatment steps as in Laboratory experiment 2, recovers 6 m 3 fat per day on average. Daily, 3 m 3 fat is used to feed a steam boiler and supply the entire factory with thermal energy. The quality of the produced fat is also suitable for biodiesel production and therefore the other 3 m 3 fat per day is sold for the production of biodiesel. By calculating the capital expenditures (CAPEX) and operational expenditures (OPEX) for this full-scale fat recovery system, it is determined that the return on investment (ROI) is less than 1.5 year.
The costs and benefits of full-scale application of the three-phase decanter centrifuge i-FAT system at location A were estimated. The i-FAT system could simply be put upfront of the existing water treatment system (see Figure 9 ). The existing treatment system at location A consists of a DAF unit with chemical use and a series of biological treatments treating 2300 m 3 /d of wastewater. The CAPEX for the fat recovery system in this specific case is estimated to be EUR 421.000. Yearly OPEX is reduced by 21%, mainly due to reduced expenditures for sludge discharge and chemical use (see Table 3 ). The reduction in chemical use is due to the fact that the i-FAT DAF unit produces sludge without the addition of chemicals. The ROI is calculated for three possible routes of the produced fat (see Table 4 ). If not accounting any revenue from the produced fat, the i-FAT system has an ROI of 4.9 years. If the fat is sold to the biodiesel industry or used on site as boiler fuel, the ROI is reduced to 1.7 or 2.0 years, respectively. 
CONCLUSION
Separation of fat from chemical-free DAF sludge requires centrifugal forces since solely gravitational settling does not produce a fraction that consists of predominantly fat.
On pilot scale, the use of a three phase decanter centrifuge resulted in up to 94% of the incoming fat being recovered as a 98%w/w fat fraction. Higher purity fat (99.6%w/w) was produced at a recovery rate of 68% using the process configuration decanter centrifuge -HSS. The decision of which i-FAT process configuration to use is case specific and depends amongst others on the desired fat quality. Full-scale recovery of fat from DAF sludge was shown economically feasible at a bacon factory. The fat quality is suitable to generate biofuel and enables the company to be fully selfsufficient in heating energy. Recovery of fat by using a special three-phase decanter centrifuge on full scale at poultry slaughterhouse wastewater would result in an estimated ROI of 1.7 -2.0 years with a total yearly costs reduction of 21%. The reduction in total yearly costs is mainly due to a reduction in chemical use, sludge disposal and the revenue from the produced fat.
